INTRODUCTION
seeded onto T75 flasks together with 10 6 Vero cells. The co-cultures were kept in 180 DMEM supplemented with 4 % FCS and were split twice per week. Rescue rate was 181 determined by staining against BDV-N every week as described (24) . When the 182 infection of Vero cells reached 80 % or more, a first virus stock was made. To avoid 183 contamination with input plasmids, the first virus stock was used to infect Vero cells 184 and a second virus stock was made when the infection rate reached 100 %. The 185 second virus stock was then used for further experiments. 186 187 Preparation of BDV virus stocks. BDV was isolated from persistently infected Vero 188 cells as described previously (24) . Briefly, confluent cells grown in 94-mm dishes 189
were rinsed with 5 ml of 20 mM HEPES, pH 7.4 and incubated for 2 h at 37 °C in a 5 190 % CO 2 -humidified atmosphere with 10 ml of 20 mM HEPES, pH 7.4, 250 mM MgCl 2 191 and 1 % FCS. Cell supernatant was centrifuged twice at 2.500 x rpm for 5 min to 192 remove cell debris, followed by ultra-centrifugation above a 20 % sucrose cushion at 193 24.000 x rpm at 8 °C for 1 h. Viral pellets were re-suspended in 400 µl of phosphate 194 buffered saline (PBS) without Ca 2+ and Mg 2+ . Virus stock was then dialyzed in PBS 195 without Ca 2+ and Mg 2+ before usage. Viral titers were determined on Vero cells as 196 described (24) . (PeqLab). For Northern blot analysis, 5 µg of total RNA from each sample was size-225 fractionated on a 1.2 % agarose gel containing 3.7 % formaldehyde and blotted 226 overnight onto a nylon membrane. The RNA was cross-linked to the membrane by 227 baking at 80 °C for 2 h. For pre-hybridization, the membrane was first treated in 0.2 X 228 SSC/0.5 % SDS at 68 °C for 10 min, followed by 2-3 h at 42 °C in hybridization buffer 229 (5 X PIPES, 1 X Denhardt's buffer, 50 % formamide, 0.2 % SDS and 200 µg/ml ss 230
Herring sperm DNA) under continuous rotation. DNA probes against BDV-N/P/X, 231
(nucleotides 976 to 1749) were prepared by PCR and the PCR products were 232 radiolabeled with 32 P according to manufacturer's protocol (DecaLabel DNA Labeling 233 kit, Fermentas). After prehybridization, radiolabeled DNA probes were added into the 234 hybridization buffer and the membrane was incubated overnight at 42 °C. The blot 235 was rinsed once with 2 X SSC/0.5 % SDS at room temperature. The blot was then 236 washed again with 2 X SSC/0.5 % SDS at 65 °C and exposed at -80 °C to a Biomax 237
MR film (Kodak). 238 239
Immunoprecipitation. 10 7 cells grown in 100-mm dishes were harvested in 500 l of 240 lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 % NP40, 0.5 % sodium 241 deoxycholate, 0.1 % SDS and a tablet of protease inhibitor cocktail (Complete, 242 Roche). 200 l of lysate was incubated with 0.5 l of rabbit polyclonal anti BDV-P 243 antibody and 30 l of protein G plus agarose beads (Santa Cruz Biotechnology), 244 overnight at 4 °C. Immunoprecipitates were centrifuged, pellets were washed three 245 times in the same buffer and resuspended in Laemmli electrophoresis loading buffer. 246
Total extracts and immunoprecipitated fractions were then subjected to western blot 247 analysis using anti BDV-N or BDV-P antibodies. OptiMEM prior to FlAsH labeling (Life Technologies). The protocol recommended by 256 the manufacturer was followed precisely and in another set of experiments, FlAsH 257 labeling was optimized as described below. In this case, FlAsH reagent was diluted 258 in OptiMEM (2.5 µM final concentration), added to cells and incubated for 15 min at 259 RT in the dark. Cells were rapidly rinsed twice with OptiMEM, then once in 5 X BAL 260 buffer (2,3-dimercapto-1-propanol) diluted in OptiMEM for 10 minutes and finally 261 once in 1 X BAL buffer for 10 minutes. All washes were performed in the dark at RT. 
RESULTS

341
Generation and characterization of tagged BDV. In order to visualize BDV traffic 342 in cells using live imaging, we first generated BDV rescue plasmids encoding GFP 343 tagged BDV-N, -P or -L proteins (Fig. 1A) . However, we failed to rescue these 344 viruses, suggesting that fusion to GFP is not tolerated in any case. Next, we tried to 345 rescue recombinant BDV (Fig. 1A) , encoding either BDV-N, -P or -L fused to a 346 tetracysteine tag (TCT). Again, rescue of these recombinant viruses (BDV-N-TCT, 347
BDV-P-TCT or BDV-L-TCT) failed. To test whether any tag could be fused to BDV 348 proteins in the context of an infectious clone, we then tried to rescue BDV harboring 349 a Flag-tag at the N-terminus of BDV-N or at the C-termini of either BDV-P or -L (Fig.  350   1A) . Although BDV coding for Flag-tagged BDV-N or BDV-L could not be generated, 351
we successfully rescued a virus expressing Flag-tagged BDV-P protein, designated 352 rBDV-P-Flag. Encouraged by these findings, we generated and successfully rescued 353 a virus harboring a TCT in addition to the C-terminal Flag tag of BDV-P, designated 354 rBDV-P-Flag-TCT (Fig. 1A) . Sequencing of both rBDV-Flag and rBDV-Flag-TCT 355 viruses revealed no compensatory mutations in the BDV-P ORF (data not shown). 356
To study the growth properties of these recombinant BDV, we infected Vero cells 357 with rBDV-Pwt, rBDV-P-Flag and rBDV-P-Flag-TCT at an MOI of 0.01 and monitored 358 viral spread by staining for BDV-N. In contrast to rBDV-Pwt, the infection rates of 359 Vero cells were delayed with both rBDV-P-Flag and rBDV-P-Flag-TCT (Fig.1B) . After 360 an initial delay in the early steps of infection, all recombinant viruses however 361 achieved 100% infection and established persistence. 362
Next, we determined steady-state levels of viral transcripts in persistently infected 363 on November 6, 2017 by guest http://jvi.asm.org/
Downloaded from
Vero cells by Northern blot analysis, using a DNA probe comprising nucleotides 976 364 to 1749 (BDV-N/P/X). As shown in Fig. 1C , levels of the 0.8kb and 1.2kb transcripts 365
were comparable between cells infected with recombinant wild type and mutant 366 viruses. Compared to wild type-infected cells, we observed in the mutant virus-367 infected cells a decrease in 1.9 kb transcripts accompanied by an increase of 4.7 kb 368
transcripts. The accumulation of the latter transcripts is most likely due to a read-369 through at the transcription termination site T1 and T2 (26). However, Western blot 370 analysis revealed comparable levels of BDV-N and -P in rBDV-Pwt, rBDV-P-Flag and 371 rBDV-P-Flag-TCT persistently infected Vero cells (Fig. 1D ). In addition, co-372 immunoprecipitation experiments showed that BDV-P protein dually tagged with Flag 373
and TCT was still able to interact with BDV-N and hence to presumably be 374 incorporated in RNP (Fig. 2) . Thus, despite the difficulties to rescue recombinant 375 BDV bearing a component of the RNP fused to a fluorescent tag, we were able to 376 recover a recombinant virus with a TC-tagged BDV-P. 377 378 Characterization of FlAsH-labeled cells. The TCT added to BDV-P forms a 379 putative hairpin that strongly and specifically reacts with the FlAsH biarsenical 380 reagents to covalently label the protein of interest. When applied to persistently 381 infected cells using the staining conditions suggested by the manufacturer, we 382 observed that FlAsH labeling yielded non-specific cytoplasmic punctate background 383 (i.e., also observed in non-infected cells) (Fig. 3A) . Although staining appeared 384 clearly different in infected cells, the unspecific background under these staining 385 conditions was unacceptable for further subcellular localization studies. We thus 386 sought to optimize FlAsH labeling (see Methods), in particular by increasing the 387 stringency of washes after staining. This procedure led to much better labeling 388 conditions that revealed a specific staining only in rBDV-P-Flag-TCT infected cells 389 (Fig. 3A) . Staining was reminiscent of that classically observed in BDV-infected cells 390
and was characterized by a diffuse cytoplasmic pattern and a punctate staining in the 391 nucleus (Fig. 3A) . To demonstrate that FlAsH-labeled protein reflected the authentic 392 BDV-P protein in BDV-infected cells, we performed a combination of FlAsH labeling 393 and immunofluorescence analysis for BDV-P. As shown in Fig. 3B , antibody staining 394 for BDV-P and FlAsH labeling largely overlapped (Mander's correlation coefficient: 395 0.79 ± 0.11, n=10) (27), confirming that FlAsH labeling of the TC-tag can truly detect 396 BDV-P protein in infected cells. FlAsH labeling was also largely super-imposable with 397 immunofluorescence staining for BDV-N (Fig. 3C) , suggesting that labeling of this 398 TC-tag allows detecting BDV RNP complexes, although we cannot exclude the 399 possibility that part of the staining could be due to soluble or complexes of BDV-P not 400 associated to RNP. imaging. To analyze further the relative nuclear and cytoplasmic mobility of BDV-P, 421
we used Fluorescence Recovery after Photo-bleaching (FRAP) to photo-bleach a 422 circular defined region of the nucleus or the cytoplasm and the time taken to refill the 423 photo-bleached area was measured. When applied to a nuclear vSPOT (Fig. 4B) , 424 this analysis revealed a progressive, but incomplete recovery of the photo-bleached 425 area, contrasting with the very rapid and complete recovery when FRAP was applied 426 to a cytoplasmic area (Fig. 4C) . To compare the relative mobility of viral material, we 427 analyzed the fluorescence recovery curves in both cases. Since we used a uniform 428 disk photo-bleaching for FRAP experiments and because of the extension of the 429 photo-bleaching in the z-axis due to confocal, diffusion along the z-axis can be 430 neglected. We thus used a 2D fitting model to analyze the fluorescence recovery 431 curves (25). We first calculated the mobile fraction (M), obtained as a result of the 432 curve fit, and which is defined as the maximum fractional recovery of the fluorescent 433 protein in the region of interest. In vSPOTs, the mobile fraction accounted for 86 % 434 (i.e., showing that 14 % of BDV-P is immobile within vSPOTs, the rest being mobile), 435 contrasting with the 100 % rate of mobile fraction in the cytoplasm (Fig. 4B and 4C , 436 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from center panels). We also measured the diffusion coefficient values (D), representing 437 the rate at which a protein repopulates a photo-bleached area (Fig. 4B and 4C , 438 center panels). These measures confirmed that BDV-P had a lower mobility in 439 vSPOTs (D = 0.190 m 2 /s, Fig. 4B) . Importantly, the D value for BDV-P in vSPOTs is 440 comparable to those previously reported for nucleosomal-binding proteins, such as 441
HMG-17 (28). Moreover, this value is much lower than values reported for free 442
solutes in the nucleus (29), suggesting that it is due to interaction with nuclear 443 components. In contrast, D value obtained for the cytoplasm (D = 1.335 m 2 /s, Fig.  444 4C) confirmed the virtual absence of immobile molecules. Taken together, these 445 findings suggest that a fraction of BDV-P in the nucleus is associated or interacts 446 with nuclear proteins, thereby resulting in significant immobility. 447
To determine the relative trafficking of BDV-P between different vSPOTs or between 448
the different cellular compartments, we used a Fluorescence Loss Induced by Photo-449 bleaching (FLIP) approach, in which a defined area is continuously photo-bleached 450 using high laser power. The loss of fluorescence in a defined area outside of the 451 bleached region is measured over time and provides information on the rate of 452 dissociation of the protein from this particular compartment. To perform FLIP on 453 vSPOTs, we wanted to ensure that continuous photo-bleaching that characterizes 454 this technique would be restricted to this focal area in the nucleus. To this end, we 455 developed a 2-photon-based procedure, in which photo-bleaching is indeed restricted 456 to this nuclear area, due to the confined excitation at the focal plane (Fig. 5A) . By 457 repeatedly photo-bleaching a vSPOT area, more than 60 % fluorescence was lost 458 from a neighboring vSPOT (Fig. 5B) , showing that BDV-P is continuously exchanged 459 between vSPOTs. Moreover, FLIP revealed that continuous photo-bleaching of the 460 nucleoplasm (Fig. 5C ) led to a fast decay of fluorescence in a neighboring vSPOT, 461 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from suggesting that BDV-P continuously dissociates from this compartment and that its 462 movements are not restricted to any particular nuclear domain. Finally, we also 463 applied confocal-based FLIP to a defined area of the cytoplasm and monitored 464 trafficking in three regions: another area of the cytoplasm, the nucleoplasm and a 465 vSPOT (Fig. 5D ). This analysis revealed a rapid trafficking of BDV-P in the 466 cytoplasm, but also trafficking between the cytoplasm and the nucleus. The 467 trafficking between these two compartments was however much slower, in particular 468 for vSPOTs, consistent with the low diffusion coefficient value of BDV-P in this area 469 as determined by FRAP analyses. Vero cells for longer periods using a temperature-controlled confocal microscope 479 setting. Since we had observed very dynamic movements of fluorescent material in 480 the cytoplasm of persistently infected Vero cells (see Fig. 4A ), we first sought to 481 investigate this finding further. We observed that viral transfer between adjacent 482 infected cells actually occurred, preferentially through cytoplasmic projections 483 connecting two cells. The transferred viral material was thereafter progressively 484 routed towards the nucleus of the target cells (Fig 6A-C, movie S2) . Interestingly, 485
on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from viral transfer was still observed in cells treated with cytochalasin D, despite efficient 486 disruption of the actin network, suggesting that cell-to-cell BDV transfer is not 487 absolutely dependent on cytoskeleton rearrangements (Fig. 7) . 488 We then sought to analyze the early steps of BDV infection. The low yield of cell-free 489 viral particles that characterizes BDV infection (30) at the contact with the infected cells and was followed by a progressive movement of 496 viral complexes towards the nuclear area (Fig. 6D-F, movie S3) . 497
DISCUSSION
499
In this work, we have sought to generate infectious rBDV bearing a fluorescent tag 500 fused to one of the components of the RNP. We succeeded in generating a 501 recombinant virus bearing a TC-tag on the BDV-P protein, which was stable and 502 readily established a persistent infection of susceptible cells, albeit with a delayed 503 infection rate compared to recombinant wild-type virus. Upon optimized biarsenical 504 labeling, we were able to perform real-time fluorescence imaging of BDV-P kinetics in 505 living cells. Notably, we measured the kinetics of BDV-P in the nucleus and 506 cytoplasm of infected cells using photo-bleaching techniques (FRAP and FLIP), 507 including a new 2-photon based FLIP approach suited to image BDV-P dynamics in 508 viral nuclear inclusions (vSPOTs). The novelty of our study lies on the first 509 description of BDV dynamics in the context of virus infection and on the visualization 510 of BDV trafficking in live, infected cells. 511 512 Initially, we wished to generate a recombinant BDV bearing a GFP fused in frame 513 with either BDV-N -P or -L proteins, but none of these recombinant viruses could be 514 rescued, presumably due to the compact nature of the BDV genome and its complex 515 transcription map. Even adding a smaller tag such as TCT, which supposedly can be 516 fused to the protein of interest with minimal disruption of protein function, proved to 517 be intrinsically difficult for BDV. Indeed, insertion of TCT yielded an infectious 518 recombinant virus only when it was inserted together with a Flag tag. The reason for 519 this is unclear and may be the result of a spacer function of the Flag tag. Although FlAsH/TCT-based labeling of recombinant viruses has proven its 529 considerable interest to track viral entry and trafficking, it often requires that the TC-530 tagged virus is grown at high titers and purified after labeling prior to analysis (21). 531
The paucity of cell-free virus associated with BDV infection and the inability to grow 532 cell-free infectious BDV to high titers does not allow adopting such a strategy. Thus, 533
FlAsH labeling and imaging of TCT-tagged BDV needs to be performed on 534 persistently infected cells. In this case, the intracellular background staining due to 535 binding of the FlAsH reagent to off-target cysteine-rich proteins represents a 536 considerable issue, as revealed by our initial attempts using the labeling conditions 537 recommended in the commercial kit. This issue has also been encountered by 538 others, for example when trying to label amyloid precursor or prion proteins, or to 539 track HCV core or HIV gag proteins, and these groups have developed modified and 540 optimized staining conditions or new imaging techniques to circumvent this problem 541 (31-33). To achieve a satisfying signal-to-noise ratio, we also developed our own 542 optimized FlAsH labeling protocol that satisfactorily allowed live BDV imaging in 543 persistently infected Vero cells. To date, it remains however to be determined 544 whether such optimized staining conditions will also be applicable to any type of 545 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from cells, or to other infection models. Alternatively, it may be interesting in the future to 546 test other approaches to generate fluorescent BDV. One attractive alternative may be 547 the split-GFP technology, as elegantly described recently for influenza virus and its 548 co-transportation with the cellular protein Rab11 (34). 549
550
We were particularly interested in obtaining further insight on the dynamics of BDV 551 components in the nuclear vSPOTs, because it was recently shown that they 552 represent viral nuclear factories associated with the host cell chromatin (17). FRAP 553 analysis revealed that BDV-P is mobile but that part of this protein remains tightly 554 associated with vSPOTs. Interestingly, the diffusion coefficient measured for BDV-P 555 was in the same range than those reported for nucleosomal-binding proteins (28) . 556 This finding is consistent with previous results showing that BDV interacts with high 557 mobility group box protein 1 (HMGB-1), a non-histone DNA architectural protein (17, 558 35, 36) and further suggests that shuttling of BDV RNP involves dynamic interaction 559 with this cellular protein and/or perhaps with other cellular factors yet to be identified. 560
Moreover, FLIP analysis demonstrated that a permanent shuttling of BDV-P between 561 vSPOTs occurs, as well as with the other cellular compartments. 562 563 Long-term live imaging of persistently infected cells revealed very dynamic 564 movements of viral material occurring at cell contacts. Surprisingly, we observed that 565 viral components, presumably RNP, could be exchanged between cells and video 566 capture of these events suggested that viral exchange might result from microfusion 567 events occurring at contact sites between cells. The determinants of these events, 568 notably the potential contribution of BDV surface glycoprotein (G), remains to be fully 569 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from deciphered and could be addressed using BDV-G neutralizing antibodies (37). Even 570 more surprising was the fact that the transferred material was routed towards the 571 nucleus of the neighboring cell, because it was shown previously that BDV infected 572 cells are resistant to superinfection (38, 39) . It is likely, however, that infection will not 573 proceed further because of unbalanced intracellular levels of viral nucleocapsid 574
components. 575 576
It has long been postulated that BDV could spread in the form of bare RNP (40, 41) . 577
In agreement with this hypothesis, our coculture experiments using infected and non-578 infected cells revealed a sizeable cell-to-cell transfer of viral material, although it 579 remains to be shown whether this material represents viral RNPs. This process was 580
however not seen in all non-infected neighboring cells. At present, it is difficult to 581 assess whether the relative inefficiency of this cell-to-cell BDV transfer actually 582 reflects the situation of natural infection or if it is due to the particular phenotype of 583 our recombinant virus. In any event, and similar to what was observed in persistently 584 infected cells, this viral material was thereafter routed towards the nucleus, which is 585 in agreement with a nuclear localization of BDV replication and transcription. Thus, 586 this recombinant virus clearly allows the visualization of BDV cell-to-cell transfer and 587 its progressive transport to the nucleus. Recently, a siRNA-based functional genetic 588 screen allowed the identification of host cell factors involved in BDV entry (42). It may 589 be interesting in the future to probe the identified target genes by live imaging using 590 our TC-tagged virus. This will allow assessing whether such genes play a role in cell-591 to-cell transfer, intracellular or even intranuclear dynamics of BDV RNP. In Arrow points to the cytoplasmic area that was photo-bleached. Fluorescence 823 intensity measurements were performed in separate areas represented by circles, 824 which were numbered as follows: 1 for cytoplasm, 2 for nucleoplasm and 3 for a 825 nuclear vSPOT. FLIP recovery curves are shown on the right panel and were 826 numbered accordingly. Images were collected at 3.2 s intervals. The figure  827 represents the sum of 3 independent for a total of 15 cytoplasm FLIP measurements. 
